All forms of life share the ability to sense environmental change and respond in real time by engaging adaptive homeostatic programs. In higher organisms, the composition of consumed meals presents a complex, constantly changing nutritional environment, and we are only beginning to understand the sensing and signaling systems that detect and coordinate the transcriptional, physiological, and behavioral responses to meal components. Although it has long been axiomatic that dietary composition plays a deterministic role in overall health, the growing prevalence of obesity and metabolic syndrome has prompted a refocus of attention on the significance of dietary macronutrients to health outcomes. Findings from earlier investigations of potential roles for dietary carbohydrates and fat in disease progression or remediation ([@B1]--[@B4]) are now being reframed by experimental evidence linking dilution of dietary protein to compensatory increases in ingestive behavior ([@B5],[@B6]). Recent studies also illustrate that modifying dietary essential amino acid (EAA) composition has profound effects on lipid metabolism and energy balance ([@B7]--[@B10]). A consensus is emerging to support the view that protein intake is monitored through nutrient-sensing mechanisms that detect changes in EAAs and provide regulatory input to both energy balance and the integration of carbohydrate and lipid metabolism ([@B5],[@B6],[@B11],[@B12]). We will examine the transcriptional and metabolic responses to EAA deprivation or restriction to make the broader case that EAA sensing and signaling play an essential role in coordinating metabolic responses to dietary composition, particularly the content and composition of dietary protein.

Nutrient sensing and protein nutrition {#s1}
======================================

Protein leverage hypothesis. {#s2}
----------------------------

Simpson and Raubenheimer ([@B11]) used an integrative modeling approach to develop a geometric framework for evaluating the impact of dietary macronutrients on response variables such as nutrient selection, body composition, longevity, and reproduction. The geometric framework model of nutrition was originally developed and tested in experiments in which life span or fecundity were measured in three different insect species given ad libitum access to 1 of 28 different diets varying in their protein-to-carbohydrate ratio. The authors summarized the responses to all 28 diets by plotting the protein consumed per day on the *x* axis, the carbohydrate consumed per day on the *y* axis, and the biological response (e.g., longevity, fecundity, etc.) to each nutritional combination as a heat map in the *z* plane ([@B13],[@B14]). The heat maps identified the specific ratios of protein to carbohydrate that optimized each response, and in all three species, the ratio producing optimal life span differed from the ratio producing greatest fecundity ([@B15]). The effectiveness of this approach in describing biological responses to nutritional complexity led to its application in examining how varying dietary macronutrient composition affects ingestive behavior, and how animals prioritize macronutrient intake when given a choice ([@B11],[@B14],[@B16],[@B17]). It was found that lowering the percentage of protein in the diet causes a concomitant increase in energy intake to maintain constant protein intake. This leveraging of carbohydrate and fat intake that occurs with dilution of dietary protein represents the conceptual basis for the protein leverage hypothesis ([@B16]). A key prediction of the hypothesis is that the overconsumption of total energy that occurs with low-protein diets has the potential to predispose to the development of obesity and metabolic disease ([@B12]). However, if the protein-leveraged overconsumption of energy were accompanied by a commensurate increase in energy expenditure (EE), the target protein intake could be achieved without effect on overall energy balance. Alternatively, the hypothesis predicts that high protein diets would be more satiating and reduce energy intake. This element of the prediction has experimental support from work with humans ([@B12],[@B18],[@B19]). Collectively, the emerging evidence is consistent with the conclusion that both quantitative and compositional measures of protein intake are being sensed and factor into the regulation of ingestive behavior. It is far less clear how protein nutrition is actually monitored on an ongoing basis, what indices of protein nutrition and amino acid metabolism are being sensed, and the extent to which leveraged changes in overall energy intake are coordinated with changes in EE.

Metabolic responses to protein restriction. {#s3}
-------------------------------------------

The protein leverage hypothesis infers the superimposition of a protein intake target to the regulation of ingestive behavior that is functionally linked to the animal's protein requirements for maintenance and growth. Dietary protein and amino acid requirements are normally highest in young, growing animals and decline with age during the approach to maturity. The orexigenic responses to variations in dietary protein have been studied extensively, and several overall conclusions are supported by this body of work ([@B6],[@B20],[@B21]). First, mild to moderate protein restriction produces an increase in consumption of a protein-diluted diet, and the magnitude of the response is dependent upon the ongoing protein requirements when it is imposed. For example, the response to moderate restriction is much more robust in young growing animals (e.g., higher protein requirements) as compared with a mature animal when protein needs are lower ([@B22]). Second, protein restriction beyond a certain critical level causes food aversion in both young and mature animals ([@B23]--[@B25]). Considered together, these responses imply the operation of one or more sensing systems that have detection limits and function within certain concentration ranges for both the orexigenic and anorexigenic responses to protein restriction. And in the case of the orexigenic component, the amplitude of the response is incrementally modulated within a defined range of protein restriction that is a function of the individual amino acid requirements when the restriction is imposed ([@B22]).

Low-protein diets, particularly when given to young animals, also influence the expenditure component of energy balance. In 32-day-old rats, restricting dietary protein to 8% increases EE, circulating thyroid hormones, and produces changes in brown adipose tissue mass and function ([@B24],[@B26],[@B27]). Although the increase in EE functions to counterbalance the increase in energy intake, in many cases protein restriction still leads to increases in body fat and carcass energy stores ([@B24],[@B25],[@B28]). In contrast, protein restriction initiated after physical maturity is perceived as a less severe restriction ([@B22]) because of the lower protein requirements and greater protein mass available for mobilization and redeployment. However, it is exactly under these physiological circumstances that even a modest leveraging of additional energy intake by lower dietary protein could favor a systematic increase in adiposity. A significant unanswered question is how the determinants of protein nutrition are interpreted and translated relative to the physiological state when protein restriction is imposed.

Amino acid sensing and protein nutrition {#s4}
========================================

EAAs as markers of protein nutrition. {#s5}
-------------------------------------

A strong case can be made that the systems that monitor dietary protein provide regulatory input to the control of energy balance and metabolism, but the associated sensing and signaling mechanisms that coordinate the elements of the response are poorly understood. Given that a subgroup of the amino acids (e.g., EAAs) that make up proteins cannot be synthesized endogenously, the ability to detect and respond to dietary EAA deficiencies is clearly an indispensable survival mechanism. Molecular and cellular mechanisms of EAA sensing have been identified and well described ([@B29]--[@B36]). Although their existence does not preclude important roles for additional sensing mechanisms, the well-documented in vivo responses to perturbation of dietary EAA composition make a compelling case that EAAs play a dominant role as mediators of the effects of dietary protein on metabolism and energy balance ([@B7]--[@B10],[@B37]--[@B39]). Thus, the focus of this perspective is on EAAs, with special emphasis on the EAA-sensing and -signaling mechanisms that have been characterized using dietary manipulation of EAAs as models. A feature common to these dietary models is that they produce significant changes in tissue-specific lipid metabolism, the integration of substrate utilization among tissues, and not surprisingly, overall energy balance.

Mechanisms of EAA sensing and signaling. {#s6}
----------------------------------------

Restricting the availability of EAAs effectively limits charging of tRNA with its cognate amino acid and triggers a cascade of signaling events and transcriptional responses collectively referred to as the amino acid response (AAR) ([Fig. 1](#F1){ref-type="fig"}). The transcriptional responses linked to the AAR are modulated in timing and magnitude by the perceived intensity of the nutritional stress ([@B40]--[@B45]). Evaluation of the in vivo responses to limitation of dietary EAAs makes a compelling case that the sequence of signaling and gene expression events occurs as part of an adaptive program to reestablish homeostasis. Among the well-documented responses of particular interest are the coordinated, tissue-specific effects on genes involved in lipid metabolism ([@B7]--[@B9],[@B39],[@B46]--[@B48]). This illustrates that the adaptive response to the perception of protein deprivation includes an additional integrative program involving the remodeling of lipid metabolism.

![A model showing both global and gene-specific control of mRNA translation and gene transcription following sensing of EAA deficiency. One of the earliest sensing events involves phosphorylation of the protein factor eukaryotic initiation factor 2 (eIF2) by the highly conserved and ubiquitously expressed protein kinase GCN2. Phosphorylation of eIF2α by GCN2 produces a coordinated response that limits ribosomal translation of most mRNAs ([@B35],[@B43],[@B52]), while selectively derepressing the translation of specific genes containing specific upstream open reading frames. Through increased duration of ribosomal scanning and reinitiation efficiency ([@B79]), proteins such as activating transcription factor 4 (ATF4) are recruited to promoter regions of DNA, altering chromatin structure to enhance gene expression of other transcription factors (C/EBP homologous protein \[CHOP\], CCAAT/enhancer-binding protein-β, ATF3, ATF2) plus additional regulatory proteins such as asparagine synthetase, Tribbles homolog 3 (TRB3), and the histone demethylase Jumanji domain containing protein (JMJD3) ([@B41],[@B45],[@B80]--[@B82]). ATF4 can heterodimerize with both CCAAT/enhancer-binding protein family members and other ATF members, forming multimeric complexes that bind CCAAT/enhancer-binding protein--ATF response elements, which serve as AAR elements ([@B40],[@B41]). uORF, upstream open reading frame; ASNS, asparagine synthetase (ASNS); GADD34, growth arrest and DNA damage gene; PP5, protein phosphatase; SIRT1, sirtuin 1; GEF, guanine nucleotide exchange factor.](2635fig1){#F1}

In vitro responses to EAA deprivation on lipogenic genes. {#s7}
---------------------------------------------------------

The transcriptional effects of EAA deprivation on lipogenic genes were initially identified in human HepG2 cells, where media lacking any single EAA rapidly decreases transcriptional initiation and expression of fatty acid synthase (FAS) ([@B49]). FAS is also partially reduced in cells deprived of cysteine or glutamate, but not with any other non-EAAs ([@B49]). Since this initial report, transcriptional profiling with HepG2, HepG2/C3a, and mouse embryonic fibroblasts has been used to explore the overall systems biology of the AAR ([@B35],[@B50]--[@B52]). Though it is beyond the scope of the current perspective to explore the profiles in detail, a common feature of the response in each cell line is a negative effect on genes associated with lipid metabolism ([@B35],[@B51],[@B53]). Loss of function approaches show that downregulation of many lipogenic genes is dependent on general control nonderepressible 2 (GCN2) ([@B35]). However, the findings from this and other studies ([@B39]) make a strong case for the involvement of additional GCN2-independent signaling mechanisms in mediating the in vitro responses to EAA deprivation. As will become apparent in subsequent sections, a similar conclusion is supported from in vivo studies using GCN2 loss-of-function approaches. It should also be noted that in vitro models of EAA deprivation evaluate an extreme cellular situation incompatible with life and in the absence of interorgan amino acid metabolism. The transcriptional responses of peripheral tissues to in vivo restriction of dietary protein or single EAAs reflect the cumulative and highly integrated inputs following both central and peripheral detection of the restriction. In a similar sense, net changes in adiposity also reflect how the perceived changes in dietary protein or specific EAAs affect the intake and expenditure components of energy balance. A deeper understanding of how gene expression patterns in individual tissues relate to substrate utilization and EE will help determine how dietary restriction of single EAAs may benefit overall metabolism.

In vivo responses to dietary limitations of EAAs {#s8}
================================================

Dietary models of EAA deprivation versus restriction. {#s9}
-----------------------------------------------------

The conserved nature and ubiquitous expression of molecules associated with EAA sensing and signaling underscores the high priority placed on defending against EAA deficiency in the organism, but the broader and more difficult task is to understand how EAA sensing systems are anatomically organized to produce the highly integrated physiological and behavioral responses that occur when an EAA deficiency is detected. The primary experimental strategy used to study EAA deficiency involves formulation of diets with individual amino acids as the source of protein, and removing or limiting the amount of specific EAAs in the diet. The two most common models involve *1*) deprivation of an EAA or *2*) restriction of a specific EAA to low but not devoid levels in the diet. Much of the early work on EAA deprivation examined the acute behavioral responses to diets devoid of threonine ([@B34],[@B54]--[@B56]), whereas later work used diets devoid of leucine to examine the transcriptional, translational, and associated signaling events regulating protein balance, insulin sensitivity, and lipid metabolism ([@B30],[@B57]--[@B59]). The second approach involves dietary formulations in which an EAA is reduced but not absent (e.g., EAA restricted). This model has received far less attention than EAA deprivation, but that changed after an initial report showed that restricting dietary methionine from normal levels (e.g., ∼0.8 g/100 g diet) to 0.17% (e.g., 0.17 g /100 g diet) produced a remarkable improvement in the metabolic phenotype of rats while increasing their life span by ∼25% ([@B60]). In contrast, dietary methionine deprivation, like leucine deprivation, produces a rapid loss of weight, adiposity, and deterioration in health of the animal. Thus, the relatively small difference in methionine produced by dietary methionine deprivation (0%) versus restriction (0.17%) has a profound difference on the physiological responses to the respective diets. Essentially, all work to date on dietary restriction of an EAA has focused on methionine, but it will be important in future studies to restrict other EAAs and determine whether the beneficial responses to methionine restriction (MR) are specific to methionine or can be reproduced in whole or part by restricting other EAAs.

The mechanistic basis for the fundamental difference between the responses to MR versus methionine deprivation represents a critical gap in our understanding of the underlying sensing systems that detect and respond to changes in dietary EAAs. In the years since the initial report of the beneficial responses to restricting dietary methionine to 0.17% ([@B60]), significant effort has been devoted to understanding the mechanistic basis for the effects of dietary MR on energy balance, lipid metabolism, and insulin sensitivity. In the subsequent sections, the similarities and differences between leucine deprivation and MR will be presented to illustrate potential future lines of inquiry.

Physiological and transcriptional responses to dietary leucine deprivation. {#s10}
---------------------------------------------------------------------------

Metabolic phenotyping of mice subjected to short-term (e.g., 7 or 17 days) dietary leucine, valine, or isoleucine deprivation shows a strong anorexigenic response ([@B30],[@B39]) in conjunction with a significant increase in EE ([@B9],[@B10]). Studies of EAA deprivation beyond 3 weeks are typically not permitted or possible because of extensive weight loss and increased mortality, so most work on leucine deprivation examines responses after 7 days on the diet. Mice presented with diets lacking leucine decrease intake by 20--30% in the first 4 h after introduction of the imbalanced diet ([@B34],[@B36]) and maintain the lowered rate of consumption after 7 days and 17 days ([@B30],[@B39]). The significant decrease in energy intake is accompanied by increased sympathetic outflow to adipose tissues and a concomitant increase in lipid mobilization, oxidation, and uncoupled respiration ([@B9],[@B10]). The combination of decreased energy intake and increased EE has a profound effect on energy balance such that after 7 days body weight is reduced by ∼15--20% ([@B30]) and adipose tissue mass is two- to threefold lower ([@B10],[@B39]). After 17 days of leucine deprivation, body weight is 30% lower and virtually no dissectable fat mass remains ([@B39]). The effects of 7 days of leucine deprivation on energy balance are accompanied by a significant reduction in fasting insulin ([@B30],[@B39]), which is reflective of increases in tissue-specific and overall insulin sensitivity ([@B58]). The inclusion of a pair-fed control group supports the conclusion that the beneficial effects of the diet on insulin sensitivity are independent of the effects of the diet on energy balance ([@B58]). The authors propose a mechanism for the diet-induced increase in hepatic insulin sensitivity involving increased AMP-activated protein kinase activation and a GCN2-dependent decrease in mammalian target of rapamycin (mTOR)/S6 kinase 1 (S6K1) signaling ([@B30],[@B58]). However, previous studies show that the ability of leucine deprivation to decrease fasting insulin is not compromised in GCN2-null mice ([@B30],[@B39]).

The transcriptional effects of leucine deprivation include targeted effects on genes involved in lipid metabolism in both liver and white adipose tissue (WAT). In liver, 7 days on the diet produces significant decreases in genes associated with fatty acid and triglyceride synthesis but not fatty acid transport or oxidation ([@B39]). In WAT, leucine deprivation increases expression of genes involved in fatty acid oxidation and thermogenesis while simultaneously repressing lipogenic genes ([@B9]). In a subsequent study using mice lacking β-adrenergic receptors, the ability of the diet to increase uncoupling protein 1, activate thermogenesis, increase EE, and reduce adiposity is compromised ([@B10]), suggesting that the sympathetic nervous system (SNS) is an essential mediator of the effect of leucine deprivation on fat deposition. As expected, the diet-induced effects on genes associated with oxidative and thermogenic responses in WAT and brown adipose tissue are blocked in β-less mice, but it remains unclear whether the previously observed downregulation of lipogenic genes in both liver and WAT requires intact signaling through β-adrenergic receptors ([@B10]).

Physiological and transcriptional responses to dietary MR. {#s11}
----------------------------------------------------------

Dietary MR produces a highly integrated series of behavioral, physiological, and biochemical responses that improve biomarkers of metabolic health and increase longevity in rodents ([@B60]--[@B62]) and flies ([@B63]). The metabolic responses are rapid in onset but persist indefinitely and include hyperphagia, increased EE, reduced fat deposition, reduced circulating lipids and leptin, and increased plasma adiponectin ([@B7],[@B8],[@B64]). The diet-induced reduction in fat deposition is particularly interesting because it occurs despite a paradoxical increase in food intake ([@B60],[@B64],[@B65]). Subsequent studies establish that dietary MR produces a simultaneous increase in EE that compensates for the increase in energy intake ([@B7],[@B8]). More importantly, the diet enhances metabolic flexibility ([@B7],[@B8]) and produces a significant increase in overall insulin sensitivity that develops quickly after introduction of the diet and persists after long-term MR ([@B64]). In most studies, MR is initiated after weaning in young growing animals, but the beneficial metabolic responses are also observed when MR is initiated after physical maturity ([@B7]). In this case, initiation of dietary MR at 6 months of age prevents any further increase in adiposity over the following 6 months by producing a coordinated increase in energy intake and expenditure ([@B7]). Dietary MR also increases metabolic flexibility, and after 3 and 6 months on the diet, fasting insulin, plasma triglycerides, and liver triglycerides are two- to threefold lower than that in rats on the control diet ([@B7]; T.W. Gettys, unpublished observation). It is unclear whether the reductions in hepatic and circulating neutral lipids are products of dietary effects on energy balance, direct effects of dietary MR in the liver, or some combination of both mechanisms.

Most of the early work on MR was conducted with rats, but the responses to dietary MR in mice are comparable in almost every respect ([@B8]). A summary of the metabolic profile of mice after short-term (8 week) consumption of dietary MR from our work illustrates that the offsetting effects on energy intake and expenditure effectively limit fat deposition while producing significant changes in endocrine function of WAT ([Table 1](#T1){ref-type="table"}). WAT is also a transcriptional target of dietary MR, with the diet increasing expression of genes involved in both lipid oxidation and synthesis ([@B8]) ([Table 1](#T1){ref-type="table"}). The upregulation of FAS and stearoyl-CoA desaturase-1 (SCD-1) in WAT is complemented by downregulation of these lipogenic genes in the liver, potentially compromising its capacity to synthesize and export triglyceride. This prediction is supported by data from both preclinical studies ([Table 1](#T1){ref-type="table"}) and in patients with metabolic syndrome, in which dietary MR for 16 weeks produced a significant reduction in hepatic lipid content ([@B66]). These data illustrate the complex but highly beneficial effects that accrue from consumption of a diet in which methionine is limited but not absent. Although the combined effects of dietary MR on energy homeostasis, WAT endocrine function, and remodeling of tissue-specific lipid metabolism contribute to the observed increase in metabolic flexibility, the relative importance of the component responses to the improvement in overall insulin sensitivity remains to be established.

###### 

Responses of male C57BL/6J mice to dietary MR for 8 weeks

![](2635tbl1)

Role of GCN2 in in vivo responses to EAA deprivation. {#s12}
-----------------------------------------------------

Diets deficient in an EAA activate GCN2 in the anterior piriform cortex and produce an aversive feeding response within 20--40 min ([@B34],[@B36]). Loss of function studies using either global or neuron-specific GCN2-null mice establish that the acute aversive response to EAA deprivation is mediated by GCN2 ([@B34],[@B36]). EAA deprivation also produces a chronic anorexigenic response that remains evident after 7 and 17 days ([@B30],[@B39]) on the diet. However, both wild-type and GCN2-null mice reduce consumption of a diet lacking leucine by 20--30% over the 1--2 weeks ([@B30],[@B39]) following its introduction, indicating that GCN2 is not required for the chronic anorexigenic response to leucine deprivation.

The hypothalamus is also an important target and mediator of the effects of EAA deprivation on energy intake because it both receives axonal projections from the anterior piriform cortex ([@B67],[@B68]) and responds directly to depletion and repletion of EAAs ([@B69]). Recent studies have shown that EAA deprivation produces rapid changes in anorexigenic neuropeptides and signaling in hypothalamic feeding centers ([@B70]--[@B72]) and that the hypothalamus is responsive to repletion of the limiting EAA or altered neuropeptide ([@B71]). The mediobasal hypothalamus is thought to play a role in responding to changes in protein quality and quantity through leucine-dependent activation of mammalian target of rapamycin complex 1 ([@B73]) and provide corresponding input to the control of energy intake ([@B74]). An integrated picture of the anatomical organization and temporal development of hypothalamic responses to EAA deprivation has yet to emerge but will clearly be essential to understanding the full range of adaptive responses.

The coordinated downregulation of the lipogenic gene program in both liver and WAT by leucine deprivation is mediated in part by a decrease in expression of sterol regulatory element binding protein-1c (SREBP-1c) in both tissues ([@B39],[@B75]). In wild-type mice, these changes are associated with a 40% decrease in serum triglyceride but no change in liver triglyceride ([@B39]). The diet-induced decrease in hepatic SREBP-1c and associated lipogenic genes (e.g., FAS, SCD-1, acetyl-CoA carboxylase-1, ATP-citrate lyase) is absent in GCN2-null mice, but the decrease in serum triglycerides is unaltered, as is the decrease in fasting insulin ([@B39]). However, compared with wild-type mice, hepatic triglycerides are increased twofold by leucine deprivation in GCN2-null mice ([@B39]). Although the question has not been addressed experimentally, these findings suggest the interesting possibility that leucine deprivation limits lipid export into VLDLs secreted from the liver, and the additional absence of GCN2 may further compromise lipoprotein signal peptide abundance, apoliprotein B synthesis, and VLDL secretion. Considered together, these findings make a compelling case that the overall effects of leucine deprivation are mediated through both GCN2-dependent and -independent mechanisms. Studies evaluating the role of GCN2 as a mediator of the responses to dietary MR are ongoing and suggest that the orexigenic response to MR does not require GCN2 (T.G. Anthony, T.W. Gettys, unpublished data).

Fundamental differences between dietary MR and EAA deprivation. {#s13}
---------------------------------------------------------------

In contrast to the acute and chronic anorectic responses to EAA deprivation, dietary MR produces a hyperphagic response within 6--7 days after introduction of the diet, and the 20--25% increase in consumption of the diet continues indefinitely ([@B7],[@B64]). A compilation of the short-term responses to dietary MR and leucine deprivation are summarized in [Fig. 2](#F2){ref-type="fig"}, with differences highlighted in yellow. The acute responses to the diets also share several similarities, including comparable transcriptional effects on lipogenic genes in the liver, increased oxidative genes in WAT, increased EE, and enhanced insulin sensitivity ([@B7]--[@B10],[@B30],[@B39],[@B48],[@B58],[@B76],[@B77]). A key similarity is that both diets increase SNS stimulation of adipose tissue, which induces oxidative and thermogenic gene programs, resulting in increased EE. Recent studies provide evidence that leucine deprivation activates the SNS by increasing expression of corticotropin-releasing hormone in the hypothalamic paraventricular nucleus ([@B10]) through a mechanism involving inhibition of S6K1 ([@B76]). The central sensing and signaling mechanisms of dietary MR have received far less attention to date, so it is unknown whether dietary MR acts through a similar mechanism to activate the SNS. In contrast to their similar effects on the SNS, the two diets have opposite effects on ingestive behavior, and not surprisingly, different effects on body weight and adiposity ([Fig. 2](#F2){ref-type="fig"}). Whereas the effect of MR is to slow the deposition of adipose tissue relative to body weight, leucine deprivation causes mobilization and loss of adipose tissue at a rate exceeding the loss of body weight ([@B39]). A third major difference between the responses in adipose tissue is that leucine deprivation produces a significant downregulation of SREBP-1c and the primary genes involved in de novo lipogenesis and triglyceride synthesis ([@B9]). In contrast, dietary MR produces a significant and persistent increase in lipogenic gene expression in WAT depots ([@B47]), which suggests retention of the capacity to conduct de novo lipogenesis in the fed state to compensate for the loss of lipogenic potential in the liver ([Fig. 2](#F2){ref-type="fig"}). Recently we assessed the physiological significance of this by measuring ^2^H-enrichment in palmitate 12 h after injecting control and MR mice with ^2^H~2~O (T.W. Gettys, unpublished data). As expected, the calculated rates of de novo lipogenesis in WAT from control mice were quite low but were increased almost fourfold by MR. These findings are consistent with the exaggerated increases in respiratory quotient and EE observed in rats on the MR diet in the fed state ([@B7]). The associated increase in metabolic flexibility comes at the expense of metabolically inefficient conversion of glucose to lipid ([@B78]), but this may be a key component of the mechanism through which dietary MR produces a disproportionate increase in EE in the fed state ([@B7]). Conversely, MR reduced hepatic de novo lipogenesis by fivefold compared with controls, consistent with a remodeling of the integration of lipid metabolism between liver and adipose tissue. Collectively, the tissue-specific changes in de novo lipogenesis are fully consistent with the MR-induced changes in lipogenic gene expression among the tissues, as well as the relative retention of adipose tissue mass after chronic consumption of the diet. Lastly, the fundamental differences in the adaptive responses between diets should be viewed in the context that dietary MR extends life span, producing a beneficial metabolic phenotype in the process; in contrast EAA deprivation cannot sustain life beyond a few weeks.

![Responses of male C57BL/6J mice to dietary MR vs. dietary leucine deprivation at comparable time points after introduction of the respective diets. Data on MR is from ref. [@B8] and unpublished data. Data on leucine deprivation was compiled from refs. [@B9], [@B10], [@B30], [@B39], and [@B58]. BW, body weight; d, days.](2635fig2){#F2}

Perspectives and future directions {#s14}
==================================

A comparison of the responses to leucine deprivation and MR has been provided to illustrate their tissue-specific and physiological responses and to better understand the sensing and signaling mechanisms being engaged. A conceptual model of the anatomical organization of the communication networks that are either known or proposed to be involved in coordinating the complex physiological responses to EAA sensing are presented in [Fig. 3](#F3){ref-type="fig"}. The illustration is equally applicable to EAA deprivation or restriction, and can also be used to guide a comparison of the temporal relationships among responses to leucine deprivation, MR, or other dietary modifications of EAAs ([Fig. 2](#F2){ref-type="fig"}). Irrespective of dietary model, it is difficult to distinguish the direct effects of an EAA limitation in a particular tissue from responses that are modulated by detection of the deficiency in another anatomical site that may then provide secondary signaling or endocrine input to the initial site. Thus, in addition to their spatial organization, the individual components of the response to an EAA deficiency are also temporally organized, developing in a reproducible progression after introduction of the diet. Our model proposes that there are at least four potential sites of sensing amino acid depletion or restriction: *1*) Direct sensing of luminal or absorbed EAAs by the gut; *2*) sensing of EAAs in the portal circulation and/or liver, perhaps through the afferent vagus; *3*) direct sensing of EAAs in the general circulation by tissues; and *4*) sensing of EAAs in various regions of the brain. The model is also presented as a way to illustrate gaps in our understanding of how these and as yet unknown sensing components function together to mediate the integrated physiological responses to changes in dietary EAA content. Several areas needing further exploration include the following: *1*) To what extent does the gut participate in sensing dietary changes in protein or amino acid content and does such a sensing system use endocrine signals (e.g., GLP-1, cholecystokinin, ghrelin, peptide YY) or vagal afferents to communicate this information to the brainstem and other central sites for integration? *2*) How are the central amino acid sensing systems organized to provide integrated regulation of the components of energy balance and communication to peripheral tissues? *3*) How are other AAR signaling mechanisms besides GCN2 (e.g., mTOR, S6K1, leucyl-tRNA synthetases, mitogen-activated protein kinases) involved in detecting changes in dietary amino acids? *4*) What components of the adaptive response to EAA deprivation or restriction mediate the tissue-specific and overall enhancement of insulin sensitivity? *5*) Are the beneficial metabolic responses to MR unique to methionine or will restriction of other EAAs reproduce the phenotype? The overall metabolic phenotype produced by EAA deprivation versus restriction is the product of a series of responses that are anatomically and temporally organized and in many cases, interdependent. Therefore, a significant ongoing challenge within the field will be to develop experimental approaches that distinguish between the direct, tissue-specific responses to EAA deprivation versus restriction and the responses perceived in one anatomical site and modulated in another.

![Model of proposed anatomical organization of sites contributing to sensing and coordinating tissue-specific and overall physiological responses to dietary EAA deprivation or dietary MR. The model illustrates the sites where EAA sensing has been detected (liver, WAT, brown adipose tissue, hypothalamus, anterior piriform cortex) or is suspected (gut) as well as target tissues where responses have been measured. The model proposes a potential role for vagal afferents (green lines) in providing sensory input to the brainstem from the gut about decreases in methionine or EAA intake. The model proposes that increased SNS outflow (red lines) serves as a motor arm linking hypothalamic EAA sensing to peripheral target tissues, where the effects include tissue-specific transcriptional responses, changes in endocrine function (WAT and brown adipose tissue), and thermogenic activity (WAT and brown adipose tissue). Central detection of EAAs is proposed to impact energy balance through integrated effects on energy intake and expenditure. MR increases both energy intake and expenditure, whereas leucine deprivation decreases energy intake and increases EE. Together, [Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"} illustrate the anatomical and temporal organization of the responses to MR and leucine deprivation. APC, anterior piriform cortex; DMH, dorsomedial hypothalamus; DVC, dorsal vagal complex; LH, lateral hypothalamus; hypo, hypothalamus; VMH, ventromedial hypothalamus.](2635fig3){#F3}

The comparison of the physiological responses to dietary MR and leucine deprivation suggest that the EAAs are in a sense functioning as ligands with responses determined by the degree of the restriction. It follows from this observation that an important future objective will be to examine systematically the physiological responses to incremental restriction of methionine, leucine, and other EAAs. In addition to identifying a range of restrictions that are most beneficial, this approach could also provide important mechanistic insights regarding EAA-specific sensing mechanisms and temporal interdependence among components of the overall phenotype. Returning to the concept of the geometric framework, Piper et al. ([@B14]) proposed to evaluate biological responses (e.g., longevity, fecundity, etc.) to nutritional complexity by representing variations in dietary composition in the *x*-*y* plane and plotting individual responses to the nutritional matrix in the *z* plane. We suggest that this may be a particularly productive approach to examine the physiological responses to variations in the dietary content of specific amino acids as part of a comprehensive strategy to assess the impact of EAA nutrition in model organisms. In our work on MR, we have identified a range of dietary methionine concentrations that produces profound improvements in biomarkers of metabolic health. The important next steps are to refine our understanding of the degree of MR linked to each component and extend this work to the other EAAs and their collective roles in the mechanistic basis of nutrient sensing in protein nutrition. Another important unexplored area involves the effects of EAA restriction on protein turnover within narrow ranges of EAA restriction such as those identified in studies of MR. Understanding the signals that trigger remodeling of protein metabolism alongside that of lipid and energy metabolism will provide an integrative view of the benefits of EAA restriction.

Lastly, the translational potential of the concepts developed in preclinical studies of dietary MR were recently evaluated in a human cohort meeting the criteria for metabolic syndrome ([@B66]). Dietary MR was accomplished using the semisynthetic medical food, Hominex-2 (Abbott Nutrition, Columbus, OH) in a short-term study (16 weeks) to evaluate the metabolic consequences of limiting dietary methionine from 35 mg/kg body weigh/day to 2 mg/kg body weight/day. The experimental diet (Hominex-2) is a commercial food designed to provide nutritional support for patients with pyridoxine-unresponsive homocystinuria or hypermethioninemia. However, it is comprised in part of elemental amino acids, and their associated low palatability resulted in high withdrawal rates and raised questions about compliance and achieving the desired degree of MR. Notwithstanding these experimental limitations, we were able to conclude that dietary MR has metabolic responses that are beneficial in subjects with metabolic disease. An important remaining challenge will be to develop palatable solutions that will allow the full potential of dietary MR to be evaluated in a variety of translational contexts.
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